Purpose Nucleolar spindle-associated protein (NuSAP1) is an important mitosis-related protein, and aberrant NuSAP1 expression is associated with abnormal spindles and mitosis. This study investigated the prognostic value of NuSAP1 in breast cancer.
Introduction
Breast cancer is the most common type of cancer in women worldwide, and approximately 1.2 million new cases and 465,000 deaths occur each year [1, 2] . Therefore, breast cancer is one of the most serious health problems for women. Early diagnosis and timely treatment are the most effective strategies for fighting breast cancer. However, an effective marker for breast cancer diagnosis or prognosis has not yet been identified. Increasing amounts of evidence indicate that cancers are often heterogeneous and that the response to treatment depends on the subtype of breast cancer [3, 4] . Treatment with the guidance of molecular subtypes is important. Triple-negative breast cancer (TNBC) is a subtype of breast cancer with estrogen receptor (ER) negative, prognostic receptor (PR) negative, and human epidermal growth factor receptor 2 (HER-2) negative. BRCA1 is responsible for DNA repair and has been closely related to breast cancer, particularly TNBC [5] [6] [7] . More recently, the androgen receptor (AR) has been identified as a new marker of a specific subtype of TNBC [8] [9] [10] . However, with high heterogeneity, treatment of TNBC has always been a challenge. Therefore, additional efforts should be expanded to identify new indicators of breast cancer prognosis, especially for TNBC.
During mitosis, accurate cell division is required for the generation of two genetically identical daughter cells. The entire process must be performed with high fidelity to ensure that the duplicated chromosomes are equally distributed, and this process requires the coordinated operation of numerous proteins. Nucleolar-spindle associated protein (NuSAP1) is a microtubule-and chromatin-binding protein that stabilizes microtubules to prevent depolymerization, maintains spindle integrity, and further cross-links spindles into aster-like structures, fibers and networks [11] [12] [13] [14] . NuSAP1 is transported into the nucleolus by importins and localizes to the chromatin-proximal microtubules throughout metaphase and anaphase. NuSAP1 is essential for mitosis from the stages of spindle assembly to cytokinesis. The overexpression of NuSAP1 results in the profound bundling of spindle microtubules. In contrast, the depletion of NuSAP1 by RNA interference results in G2-M arrest, aberrant mitotic spindles, cytokinesis, reductions in spindle microtubules, and abnormal chromosome segregation. Consequently, the aberrant expression of NuSAP1 has been associated with defective embryogenesis and cancer.
NuSAP1 is overexpressed and related to poor prognosis in hepatic carcinomas [15] . NuSAP1 has also been related to lung adenocarcinoma, cervical cancer, melanoma, meningioma, pituitary adenoma, and prostate cancer [16] [17] [18] [19] [20] . In the setting of breast cancer, Dilek Colak et al. reported that NuSAP1 expression significantly differs between ductal carcinoma in situ (DCIS) and invasive ductal carcinoma (IDC) [21] . Therefore, NuSAP1 might be involved in tumorigenesis and progression. However, the NuSAP1 expression status of the subtypes of breast cancer remains unknown. The current study investigated the correlation between NuSAP1 expression and the prognosis of different subtypes of breast cancer, particularly TNBC.
Materials and Methods

Ethics Statement
The study has been approved by the Human Research Ethics Committee of Fudan University Shanghai Cancer Center, Shanghai, China. The approved number of ethics committee is 050432-4. Written informed consent was provided by all patients. All samples and medical data used in this study have been anonymized.
Patients and specimens
The present study included 450 patients who were diagnosed with stage I to III primary breast cancer from August 2001 to March 2006 according to histopathological analysis conducted at Fudan University Shanghai Cancer Center (FDUSCC). There were a training set and a validation set with 250 and 200 patients, respectively. All patients were subjected to either a mastectomy and axillary lymph node dissection or breast conservation surgery. The clinicopathological information, including age, menopausal status, tumor size, lymph node status, grade, ER, progesterone receptor (PR), HER-2 status, and TNM stage, was collected and shown in Table 1 . Patients were further classified into four subtypes according St Gallen International Breast Cancer Conference (2011) Expert Panel [22] . All patients were regularly followed, and the median follow-up time was 96 months.
Breast cancer tissue microarray construction
The breast cancer tissue samples used to construct the tissue microarrays (TMAs) were obtained before treatment, fixed in formalin and embedded in paraffin. Tumor regions were stained with hematoxylin and eosin (HE) to identify representative tumor regions from which two 1.0-mm tissue cores were retrieved and transferred into recipient array blocks using a tissue micro arrayer (UNITMA Instruments, Seoul, Korea). TMAs were composed of duplicate cores from different areas of the same tumor to compare staining patterns in our research. Two sets of TMAs were generated by the Department of Pathology of FDUSCC with 250 patients and 200 patients, respectively.
Immunohistochemistry
The TMAs were subjected to immunohistochemical staining for the NuSAP1 and BRCA1 proteins with a 2-step protocol (GTVisionTMIII). NuSAP1 was detected with a rabbit antiNuSAP1 polyclonal antibody (Proteintech Group, Chicago, IL, USA), and BRCA1 was detected with mouse anti-BRCA1 (Santa Cruz Biotechnology, Dallas, Texas, USA). The TMAs were deparaffinized with xylene, gradually rehydrated in a gradient ethanol series and then rinsed with phosphate-buffered saline (PBS) prior to NuSAP1 or BRCA1 immunohistochemical staining. Antigen retrieval was performed by immersing the sections in 0.01 M Tris-sodium citrate (pH 6.0). After boiling at 121°C for 10 min, the sections were incubated with NuSAP1 or BRCA1 for 2 minutes. After blocking for 20 minutes, the slides were subjected to antiNuSAP1 (1:200) or anti-BRCA1 (1:200) primary antibodies at 4°C overnight. HRP-conjugated secondary antibodies were used to detect the primary antibodies with subsequent colorimetric detection using 3, 3-diaminobenzidine (DAB). The TMAs were then counterstained with Gill hematoxylin and dehydrated in an ascending ethanol series before being cleared with xylene and mounted with a coverslip. Evaluation of the immunostaining for NuSAP1 and BRCA1
For each antibody, the TMAs were stained and semi-quantitatively scored according to a staining index (SI; range 0-9) with the following formula: SI = intensity × proportion scores. The staining intensities were classified into three grades (1: weak, 2: moderate, and 3: strong), and proportion scores were assigned based on the percentages of stained cells (0:0%, 1: < 10%, 2: 10-50%, and 3: 50-100%). For NuSAP1 and BRCA1, SIs ! 5 were considered positive staining, whereas SIs < 5 were defined as negative staining. Two experienced pathologists who were blinded to all clinical data conducted the scoring in parallel.
Statistical analysis
The associations between the clinicopathological parameters and NuSAP1 expression were evaluated with Pearson χ2, and Fisher's exact tests as appropriate. A Kaplan-Meier (KM) analysis and log-rank test were performed to determine the correlation between NuSAP1 expression and disease-free survival (DFS) and overall survival (OS). Univariate and multivariate analysis of the DFS were performed with Cox risk proportion models. P < 0.05 was considered to indicate significant differences. The statistical analysis was performed using SPSS (version 13.0; SPSS, Chicago, IL, USA).
Results
Clinicopathological characteristics and NuSAP1 expression in breast cancer patients
In training set, a total of 250 female breast cancer samples were collected, but two of the samples lacked follow-up data. Thus, the remaining 248 samples were included in the subsequent analysis. All patients were female and had been diagnosed with stages I to III primary breast cancer at a median age of 51 years. The ER, PR, and HER-2 statuses were collected, and the patients were classified into four subtypes, i.e., Luminal A, Luminal B, HER-2 overexpression, and TNBC. The ER, PR and HER-2 subtypes were defined based on immunohistochemistry (IHC) and fluorescence in situ hybridization (FISH) results. Of the patients, 19.4%, 23.0%, 17.3% and 40.3% were classified as Luminal A, Luminal B, HER-2 overexpression, and TNBC subtypes, respectively. To investigate the clinical function of NuSAP1 in breast cancer, its expression in the cohort was examined by immunohistochemistry (Fig 1a) . As shown in (Table 1) . However, the association between the expression of NuSAP1 and breast cancer subtypes bordered on significant (P = 0.063). As early as 1995, Marilyn E. Thompson et al. reported that BRCA1 expression decreases during the progression of breast cancer [23] . BRCA1 has long been known to be associated with breast cancer and ovarian cancer [24] . Interestingly, the expression levels of NuSAP1 and BRCA1 were significantly correlated in our patient cohort (P = 0.006). Similar correlation was found in validation set (Table 1 , P = 0.006).
Univariate and multivariate analysis of breast cancer
Univariate analysis was performed to evaluate the correlations between clinicopathological parameters and DFS, and several factors were significantly associated. As shown in Table 2 , in training set, tumor size > 5 cm, positive lymph node status, grade 3 status, and positive NuSAP1 expression were associated with a greater risk of recurrence and a lower DFS (P = 0.016). In contrast, PR expression was related to improved DFS for all patients (P = 0.033). Accordingly, a stepwise multivariate analysis that included age, menopausal status, lymph node status, PR, and NuSAP1 expression was conducted. Menopausal status, lymph node status, PR, and NuSAP1 were identified as significant prognostic factors for DFS (Table 3 , P < 0.05). In validation set, we found NuSAP1 was significantly prognostic for DFS (Tables 2 and 3 , P < 0.05).
NuSAP1 expression was associated with poor DFS in breast cancer, particularly in TNBC
To explore the prognostic value of NuSAP1 for DFS and OS of the breast cancer patients, a KM analysis of all patients was performed. As shown in Fig 2a, the expression of NuSAP1 was generally associated with a poor DFS in both training (P = 0.028) and validation cohort (P = 0.006). In all patients with combination of two cohorts, similar trends were found with P < 0.001; further analysis of the prognostic value of NuSAP1 in four subtypes of breast cancer revealed that NuSAP1 expression was significantly correlated with poor DFS in triple-negative subgroup (Fig 2b, P < 0.001) . However, non-significant differences were observed in the other three subgroups (Fig 2b) .
NuSAP1 and BRCA1 were associated with DFS in TNBC
In a study of various gene profiles that further classified TNBC into six subtypes with distinct characteristics, Brian D. Lehmann identified BRCA1 as an important molecular marker of TNBC; BRCA1 was included among the gene sets in their study [25] . In the current study, a KM analysis was performed to verify the prognostic values of BRCA1 in TNBC, and the expression of BRCA1 was related to improved DFS in all TNBC with combination of training and validation cohort patients (Fig 3a, P = 0 .024). This finding was in agreement with that in general breast cancer [26] . Moreover, univariate and multivariate analysis were performed in the TNBC group (Tables 4 and 5 ). As shown in Table 4 , tumor size > 5 cm, positive lymph node status, and positive NuSAP1 expression were significantly associated with worse DFS (P < 0.05). In Low expression of NuSAP1 favored DFS, particularly for TNBC patients. Cumulative DFS curves for breast cancer patients classified as the total group (a) training set: NuSAP1+ (n = 108) and NuSAP1-(n = 140); validation set: NuSAP1+ (n = 88) and NuSAP1-(n = 112); overall: NuSAP1+ (n = 196) and NuSAP1-(n = 252); and (b) overall population luminal A, NuSAP1+ (n = 41) and NuSAP1-(n = 58); luminal B, NuSAP1+ (n = 53) and NuSAP1-(n = 55); HER-2 overexpression, NuSAP1+ (n = 33) and NuSAP1-(n = 60); triple-negative NuSAP1+ (n = 69) and NuSAP1-(n = 79) subgroups. contrast, positive BRCA1 expression was related to improved DFS (P = 0.031). Furthermore, the multivariate analysis found lymph nodes status, NuSAP1, and BRCA1 expression to be related to DFS in TNBC (Table 5 ).
Prognostic value of the combined expression of NuSAP1 and BRCA1 for DFS in TNBC Subsequently, we evaluated the combined predictive value of NuSAP1 and BRCA1 for DFS. All TNBC patients were classified into the following four subgroups: NuSAP1+/BRCA1+ (n = 22), NuSAP1+/BRCA1-(n = 48), NuSAP1-/BRCA1+ (n = 21), and NuSAP1-/BRCA1-(n = 59). As shown in Fig 3b, the NuSAP1+/BRCA1-patients exhibited worse DFS than the NuSAP1-/ BRCA1+ (P = 0.008) subgroup.
Predictive risk model of the combined expressions of NuSAP1 and BRCA1 for DFS in TNBC Next, we sought to evaluate the capability of the combination of NuSAP1 and BRCA1 to identify the patients with TNBC who were more likely to experience DFS events. In the absence of NuSAP1 and BRCA1, the traditional model exhibited modest prognostic accuracy with a bootstrap-corrected AUC value of 0.612 (Fig 4a, 95% CI: 0.488-0.699). The addition of NuSAP1 and BRCA1 expression to the traditional model significantly improved the bootstrap-corrected AUC value to 0.778 (Fig 4a, 95% value of the ROC curve was 0.821. The TNBC patient cohort was subsequently reclassified as high risk (risk score > 0.821, n = 80) or low risk (risk score 0.821, n = 70). The survival curves revealed a significant difference in survival between the two groups (Fig 4b, P < 0.01).
Discussion
As a cell cycle-related protein, NuSAP1 plays a vital role in mitosis, and aberrant NuSAP1 expression results in abnormal mitotic spindles. NuSAP1 is upregulated and related to poor [21] . To further investigate the correlation between NuSAP1 expression and breast cancer prognosis, particularly for different subtypes, we constructed two sets of TMAs that contained 450 stage I to III primary breast cancer tissues and determined the NuSAP1 expressions via immunostaining. A KM plot was constructed to evaluate the prognostic value of NuSAP1, and high levels of NuSAP1 expression were found to be related with poor DFS for all patients. Specifically, this association was more significant in the triple-negative subgroup. No significant difference was observed between the Luminal A, Luminal B and HER-2 overexpression subgroups. Therefore, the association between NuSAP1 and DFS might have primarily derived from the triple-negative subgroup. TNBC is a specific subtype of breast cancer that is negative for ER, PR and HER-2 expression. Due to the high level of heterogeneity and the lack of well-defined molecular targets, the treatment of TNBC has long been a challenge. Recently, Brian D. Lehmann et al. examined gene expression profiles and further divided TNBC into six subtypes that included two basallike (BL) subtypes, an immunomodulatory subtype, a mesenchymal subtype, a mesenchymal stem-like subtype and a luminal androgen receptor subtype [25] . The basal-like subtypes included BL1 and BL2, both of which exhibited increased expressions of cell cycle and DNA damage response genes. Lehmann et al. also primarily observed BRCA1 enrichment in the BL1 subtype. In our study, high NuSAP1 expression levels indicated poor prognosis, which is consistent with the emerging role of NuSAP1 as a modulator of the relationship between the bundling of spindle microtubules and cancer [15, 18, 20] . In contrast, decreased BRCA1 expression indicated a poor prognosis in the TNBC group, as previously described [27] . In the current study, the DFS of TNBC patients could be stratified by the NuSAP1 and BRCA1 expression status. These findings indicated that the combination of these two molecular markers provided additional prognostic information. Thus, NuSAP1 might be a biomarker for TNBC.
The univariate and multivariate analysis demonstrated that NuSAP1 and BRCA1 were both independent prognostic factors of DFS in TNBC. Furthermore, a risk model that incorporated these two proteins could classify the TNBC patients into two recurrence risk categories. To the best of our knowledge, this study is the first to verify the prognostic value of the combination of NuSAP1 and BRCA1 in TNBC.
Our results are limited by the restricted sample size, particularly regarding TNBC. Therefore, our results should be validated in larger and consistent cohorts of breast cancer patients. TNBC were divided into six subgroups and subsequent investigations were needed to verify the specific type of NuSAP1 function.
In conclusion, our study confirmed the prognostic value of NuSAP1 in breast cancer. The combination of NuSAP1 and BRCA1 improved the DFS prediction accuracy in TNBC. Our findings may be used to advance the classification and treatment of specific breast cancer patients.
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